I. STATEMENT OF THE PROBLEM
What is acute lung injury (ALI) in an animal? One would think that the answer to this question is well established, considering that a PubMed search in mid-2008 retrieved more than 14,000 entries for the query ''Lung Injury AND Animal,'' and that considerable resources have been invested in the study of experimental ALI during past decades. However, a closer look at the published literature reveals that there is no universal agreement as to the precise definition of ALI in experimental animal models. Is an increase in the concentration of lung cytokines sufficient to indicate lung injury, or should there also be evidence of cellular inflammation? If so, does it suffice to have inflammatory cells in the interstitium, or should they also be present in the airspaces? Or perhaps lung injury should, instead, be determined based on changes in alveolar epithelial permeability? There is no consensus in the scientific community as to what exactly constitutes ALI in an animal, in part because there is no single marker or parameter that has sufficient sensitivity and specificity to identify the occurrence of all forms and severities of ALI. As a result, it is difficult for investigators to determine if they have achieved (or prevented) lung injury in an experimental model. For example, if an experimental drug decreases neutrophil migration into the lungs but has no effect on permeability changes, does it prevent lung injury or not? In addition, a comparison of studies is difficult because of the diversity of assays used by investigators to assess lung injury. The same experimental challenge may or may not result in lung injury, depending on how lung injury is defined by the investigators. Clearly, answers to such questions are relevant in an area of research that is as important to patient care as ALI.
In humans, the definition of ALI is based on the following well-defined set of clinical parameters developed by the American European Consensus Conference: acute onset, radiological evidence of diffuse bilateral pulmonary infiltrates, a ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen (Pa O 2 /FI O 2 ) of less than 300, and no clinical evidence for elevated pulmonary arterial pressure (1) . However, these criteria cannot be directly translated to experimental animals. Although arterial blood gases, chest radiographs, cardiac echocardiography, and even catheterization can be performed in small experimental animals, the equipment required for these measurements is available only in a few laboratories. Furthermore, such measurements may be incompatible with the design of many experimental systems. Thus, it is not practical to use the American European Consensus Conference criteria in animal studies, particularly in small animals. An alternative approach would be to define ALI in animals based on histopathological criteria similar to those seen in humans with ALI. In humans, the pathological correlate of ALI is diffuse alveolar damage (DAD), characterized by inflammatory infiltrates, thickened alveolar septae, and deposition of hyaline membranes (2) . However, as discussed below, none of the available animal models of ALI reproduce all of the pathologic features of DAD in humans. Therefore, the criteria used to define ALI in humans cannot be directly translated to most animal models of ALI.
The goal of the present workshop was to determine the main features that characterize ALI in animals and then to identify the most relevant measurements to assess these features. We used a Delphi approach in which a series of questionnaires were distributed among a panel of experts in experimental lung injury. In this report, we discuss the main features of human ALI that are being modeled in animals, describe the methodology used to identify the defining features of lung injury in animals, discuss common methods of measuring lung injury, critically assess standard models of lung injury, critically assess standard models of lung injury, and finally, discuss the limitations of this approach.
II. WHAT IS BEING MODELED?
Ideally, an animal model of ALI should capture one or more features of human ALI, including rapid onset (hours) after an inciting stimulus, evidence of pulmonary physiological dysfunction (e.g., abnormalities of gas exchange, decreased lung compliance), histological evidence of injury to the lung parenchyma (endothelium, interstitium, epithelium), and evidence of increased permeability of the alveolocapillary membrane. Any one animal model is unlikely to encompass all of the salient features of ALI/ARDS observed in humans. Thus, a key question is how many of the features of human ALI need to be present in an animal model for it to be classified as demonstrating ALI? This is a complex issue without a right or wrong answer and is dependent on many factors, including the specific experimental question being addressed. To understand these issues, it is important to review certain differences between animals and humans that are pertinent to ALI and then to compare humans and animals in terms of these variables.
Differences between Animals and Humans Relevant to ALI
There are many anatomical and physiological differences between animals and humans that influence the response of the lung to an acute injurious stimulus and affect the evaluation of lung injury (3) . Some of these are obvious; for example, the respiratory rate of mice (250-300 bpm) far exceeds that of adult humans (12-16 bpm) , rendering absolute respiratory rate inadequate as a parameter of ALI in mice (4, 5) . There are important differences in the gross and microscopic anatomy between rodent and human lungs. Mice have no bronchial arteries. Both the alveoli and thickness of the blood-gas barrier are smaller in the lungs of mice and rats compared with humans. Mice and rat lungs have a lobar anatomy distinct from that of humans and their lungs have fewer branches of the conducting airways proximal to the terminal bronchioles. At the microscopic level, murine lungs differ from human lungs in that they have a larger number of Clara cells in the distal airways; extensive bronchial-associated lymphoid tissue, and a virtual absence of submucosal glands beyond the proximal trachea (6) . In the setting of ALI, murine lungs rarely demonstrate typical hyaline membranes in situations where there is clearly enhanced permeability of the alveolocapillary membrane. There are also important differences in key elements of the inflammatory response, both cellular and humoral, between rodents and humans. For example, mice have fewer circulating neutrophils (10-25%) than humans (50-70%) and do not express defensins (6) . The neutrophil repertoire of CXC chemokines differs between rodents and humans (keratinocyte-derived chemokine KC [CXCL1] and macrophage inflammatory protein [MIP-2] in mice, cytokine induced neutrophil chemoattractant [CINC] in rats, and IL-8 in humans) (7) . In addition, critically ill humans develop ALI/ARDS in the setting of a number of interventions such as prolonged ventilation or hemodynamic support, which are difficult to reproduce in animals. Finally, animal studies frequently use young mice with no comorbidities, whereas human patients tend to be older and have multiple medical problems such as diabetes, coronary artery disease, renal or hepatic insufficiency, and so forth. For all of these reasons, the responses of animal and human lungs to an injurious stimulus cannot be expected to be identical or perhaps even similar.
Comparison of Specific Parameters in the Assessment of ALI in Animal Models 1. Assessment of the kinetics of lung injury. Given the relatively controlled nature of experimental models of ALI, the time of exposure of the inciting stimulus (e.g., lipopolysaccharide, acid aspiration, hemorrhagic shock, or injurious mechanical ventilation) is usually known with precision. This differs from the human situation where the time of exposure to an inciting stimulus (e.g., bacterial infection with sepsis) is often less clear. Nonetheless, in animal systems that seek to model human ALI, maximal lung injury should be evident within 24 hours of exposure to the inciting stimulus to distinguish those conditions that reflect more subacute or chronic lung injury.
2. Radiographic assessment of lung injury. The ability to assess lung injury radiographically in animal models is constrained by several factors, including the small size of rodents and the limited availability of radiographic facilities for animals in most laboratories. Nonetheless, if available, radiographic demonstration (plain X-ray, micro-computer tomography) of bilateral and diffuse pulmonary infiltrates in animals represents one parameter to assist in assessing the extent of lung injury. This is more feasible for larger animals such as ferrets, rabbits, dogs, or sheep.
3. Physiological assessment of lung injury. (i) Abnormalities of gas exchange. In humans, an elevated A-a gradient, reflecting compromise of the gas exchange function of the lungs, is one of the principal parameters used to diagnose, stratify, and monitor patients with ALI or acute respiratory distress syndrome (ARDS). Although this is feasible and indeed routine in larger animals, it is more difficult in rodents, and especially mice, because of the difficulty of obtaining a sufficient sample of arterialized blood without introducing other variables (e.g., trauma during sample collection or hypovolemia from removal of a substantial fraction of the circulating blood volume). Noninvasive continuous monitoring of capillary or tissue oxygen saturation using conventional microscopic or fluorescence enhanced oximetry or electron paramagnetic resonance spectroscopy is technically possible and is a useful parameter to monitor if the appropriate instrumentation is available (8, 9) .
(ii) Decreased lung compliance. Decreased lung compliance due to pulmonary edema and atelectasis is a hallmark of human ALI/ARDS and is an important and easily assessed parameter in animal models. In mechanically ventilated animals, respiratory system compliance can be assessed in vivo during mechanical ventilation in a similar fashion to how it is measured in humans or by determining the pressure-volume curve after a recruitment maneuver. A particularly useful method is to use commercially available ventilator systems that allow automated measurement of respiratory mechanics and generate pressurevolume curves and measurement of compliance (10) . These systems can be programmed to automatically perform measurements at predetermined time intervals. These systems are effective but remain expensive. Measurement of lung compliance in vivo requires an estimate of pleural pressure. An equally acceptable method is to measure the pressure-volume curve of lungs ex vivo.
4. Assessment of increased permeability of the alveolocapillary membrane. Change in alveolocapillary membrane permeability is one of the critical parameters that defines the pathophysiology of ALI in humans and animals, but its measurement is fraught with technical pitfalls that vary based on the method used. During the genesis of ALI/ARDS the selective barrier function of the pulmonary endothelium and/or epithelium is lost due to injury or dysfunction. This is manifest by leakage of protein-rich fluid from the vascular to the interstitial and/or alveolar space. Many methods have been developed to assess this alteration. The most commonly used methods include (1) measurement of the concentration of albumin or other high molecular weight proteins such as IgM in bronchoalveolar lavage (BAL) fluid compared with that in plasma, (2) assessment of the leakage of an exogenous labeled high molecular weight molecule (e.g., 125 I-labeled albumin or fluorescent high molecular weight dextran) or Evans blue dye (which binds to albumin) into the alveolar space, and (3) the wet to dry weight of the excised lungs. In larger animals, especially sheep, older studies measured increased lymphatic flow and protein concentration in lymphatic fluid as an indicator of interstitial edema (presumably an early phase of pulmonary edema). Each of these is a valid method provided that appropriate corrections for dilution of BAL fluid and/or intravascular blood volume are made. Measurement of the total protein concentration of the BAL fluid may reflect an increase in the permeability of the alveolocapillary membrane, but it should be used with caution as the sole measure of increased permeability, as further discussed in Section V.2 below.
5. Histological assessment of lung injury. One of the most challenging aspects of using animal models of ALI pertains to the histological assessment of lung injury. The pathological hallmark of ALI in humans is diffuse alveolar damage (DAD) (2, 11, 12) . In humans, DAD is characterized by: an early exudative phase featuring neutrophil accumulation in the vascular, interstitial, and alveolar spaces known as neutrophilic alveolitis); deposition of hyaline membranes composed of fibrin and other proteinaceous debris as evidence that serum proteins have entered and precipitated in the airspaces (i.e., disruption of the alveolocapillary membrane); interstitial thickening; and the formation of microthrombi (evidence of endothelial injury and intraluminal activation of the coagulation cascade). This is followed by a proliferative phase characterized by alveolar epithelial cell hyperplasia and interstitial fibrosis. It is reasonable to expect that animal models of ALI/ARDS should reflect some of these features. However, no animal model completely reproduces all of the histological features of DAD in humans (7, 13) . The presence of only a single histologic feature of ALI in an experimental animal (e.g., neutrophilic alveolitis) does not necessarily indicate a bona fide model of ALI and conversely, the absence of one or more features does not exclude ALI. Despite these differences, a semi-quantitative or quantitative assessment of multiple histological features of ALI is critical for evaluating the extent of lung injury in animal models. Notably, reliable histological assessment of lung injury requires that the lungs be properly fixed at functional residual capacity, which can be achieved by inflating the lungs with a pressure of 15-20 cm H 2 O.
Other Considerations
An important consideration is that animal models, because of their very reductionist nature, are typically used to investigate one specific aspect of lung injury (e.g., mechanisms of leukocyte activation, endothelial or epithelial injury, acid-induced lung injury) in contrast to the human situation where there are often multiple inciting insults, comorbid conditions, and therapeutic interventions that all contribute to the clinical picture. Thus, although animal models of ALI should reflect one or more of the clinical features observed in humans, no single animal model can encompass all of them. On the other hand, the more restricted the animal model is (i.e., possessing fewer features of the human situation), the less representative it is of human disease.
Given these considerations, how can an investigator decide on an appropriate model system, and which features of ALI are ''required'' for it to be a ''valid'' model? The primary consideration in the choice of an animal model of ALI should be the experimental question to be addressed. For example, if the primary question pertains to sepsis-induced ALI, then models incorporating elements of bacterial infection such as intraperitoneal or intravenous administration of lipopolysaccharide or live bacteria, or cecal ligation and perforation, should be considered and the relevant endpoints assessed (14) . If the primary question pertains to the mechanisms of lung injury induced by mechanical ventilation, then various modes of injurious mechanical ventilation can be imposed on the experimental animals in the presence or absence of other inciting stimuli such as sepsis, hypotension, or acid-aspiration. If the primary question relates to the mechanisms of leukocyte-induced endothelial or epithelial injury, then inciting stimuli can be given intravenously (e.g., complement activating agents) or via the airways (chemoattractants, lipopolysaccharide, or hyperoxic gas mixtures). Some challenges imposed on the animal model (e.g., extremely large tidal volumes in certain models of ventilator-induced lung injury or massive doses of lipopolysaccharide in certain models of sepsis) may be so extreme as to be nonrepresentative of the range of conditions present in humans with ALI/ARDS, but may be useful to answer very specific scientific questions. Finally, models in which more than one inciting stimulus for ALI is present are probably more reflective of the human situation in which a single inciting stimulus is rarely present (''two-hit hypothesis'').
The question remains as to what constitutes the minimal criteria for the diagnosis of ALI in animal models. Although there is no consensus about this issue (indeed, this is one of the primary purposes of this work), several general comments can be made. First, models in which only one aspect of lung injury is prominent (e.g., excess neutrophils in the alveolar space without evidence of physiological pulmonary dysfunction or increased permeability of the alveolocapillary membrane) are not reflective of the human situation and should probably not be labeled as ALI but may still be appropriate to answer specific scientific questions. Second, depending on the specific features of the model, it is possible that there may be a divergence between different aspects of lung injury. For example, under certain experimental conditions it is possible to induce large numbers of neutrophils to migrate into the alveolar space with minimal or only transient evidence of physiological pulmonary dysfunction or increases in permeability of the alveolocapillary membrane. Thus, it is prudent to use more than one independent measurement that reliably assesses lung injury in any model of ALI.
III. METHODOLOGY
A series of targeted questionnaires was transmitted by e-mail to a panel of experts. We requested participation from a total of 29 individuals selected with the goal of generating an international panel of investigators with broad expertise in lung injury. Of these 29 individuals, two declined, three did not reply, and two failed to return conflict-of-interest statements, leaving the final number of participants at 22. The first questionnaire was designed to generate a list of main features (categories) of ALI in animals, as well as specific measurements (criteria) that can be used to determine if a main feature is present. Questionnaire One yielded 70 individual measurements grouped under eight main features. The results of Questionnaire One were compiled and returned to the participants who were asked to rank each measurement as 1.0 (very important), 2.0 (somewhat important), or 3.0 (not important). The results were analyzed and the means and SD of each measurement were calculated. All measurements with a mean greater than 2 were removed and redundant measurements were combined, leaving 32 individual measurements grouped under ''main features.'' Of the original nine main features, four were removed because none of the measurements reached a mean of two; these four main features were: ''evidence of cellular injury,'' ''conversion to a fibrotic response,'' ''radiological changes,'' and ''other.'' An additional main feature was ''clinical evidence of disease''; within this feature only one measurement, ''rapid onset (within 24 hours),'' received a score of two or less; this measurement was incorporated into the definition of ALI. Next, the panelists were asked to determine the relevance of each of these measurements to lung injury, using a scale of 1.0 to 3.0, with 1 being ''very relevant,'' 2 being ''somewhat relevant,'' and 3 being ''not relevant.'' Of the 32 measurements, 17 were considered ''very relevant'' and 15 were considered ''somewhat relevant.'' Finally, in addition to the questionnaires, there were three in-detail face-to-face meetings that allowed members of the panel to discuss the results of each step, including combining redundant criteria. The final results are summarized below, and the questionnaires (including responses) are shown in the online supplement.
IV. RESULTS: FEATURES AND MEASUREMENTS OF ALI IN ANIMALS 1. Main Features of Experimental ALI
The main features of experimental ALI in animals are rapid onset (within 24 h) and: To determine if ALI has occurred, we recommend that at least three of the four ''main features'' of ALI be identified. To determine if any of the main features of ALI are present, we recommend using at least one of the ''very relevant'' measurements listed above, and preferably, one or two additional separate measurements to confirm the results. We would like to emphasize that not all of the measurements listed can or should be performed in every study, and that measurements not included in the list are by no means irrelevant. For example, there are many measurements that are useful for assessing lung injury, but can only be performed in specialized laboratories (e.g., animal computer tomography). We have tried to include measurements that are within the reach of most laboratories located at major universities and health care facilities. We would also like to point out that, depending on the experimental question, the fact that fully developed ALI has occurred may not be necessary or relevant to establish. For example, a model with alveolar neutrophilia without changes in alveolar permeability is suitable for studying the mechanisms of neutrophil migration, even if such a model does not reproduce all of the ''main features'' of ALI. Thus, our list of features and measurements of ALI is intended as a guide for investigators, but ultimately investigators should choose any particular measurement based on their unique experimental questions and the characteristics of their experimental design.
One additional aspect of the proposed features is that they emphasize functional parameters of injury over individual molecular pathways. This highlights an important distinction between evidence of activation of a particular signaling pathway (e.g., the MAP kinase pathway) and lung injury. In this regard, there may be activation of (one or multiple) signaling pathways without concomitant lung injury. Conversely, there may be evidence of lung injury without activation of particular signaling pathways. This is not to say that mechanistic studies aimed at dissecting the role of signaling pathways in lung injury are not important but rather that the presence or absence of evidence of activation of these pathways is distinct from whether or not there is evidence of ALI.
V. PRACTICAL ASPECTS OF MEASURING ALI IN ANIMALS 1. Measuring Histological Evidence of Tissue Injury
Histological evidence of tissue injury was identified as the most relevant defining feature of ALI. The normal lung is characterized by thin alveolar walls with occasional intra-alveolar macrophages and vanishingly few neutrophils ( Figure 1A21B ). Commonly, during the dehydration process associated with the preparation of tissues, the peribronchial space may appear expanded ( Figure 1A ). This finding must not be confused with peribronchial edema. The intratracheal administration of injurious substances is usually associated with patchy injury, and large areas of the lung may be spared ( Figure 1C ). To facilitate the identification of areas that have been exposed to the instillate, colloidal carbon (1:100 dilution) can be added to the instillate; the colloidal carbon will be phagocytosed by resident macrophages and appear as intracellular black dots (Figure 1 ). This can be particularly useful when a ''negative'' experiment raises doubts as to whether the instillate could have been inadvertently administered into the esophagus. Some types of injury are primarily associated with neutrophil infiltration and deposition of proteinaceous debris or fibrin strands in the airspaces but with normal alveolar walls ( Figure 1D ). In contrast, other types of injury may be associated with marked thickening of the alveolar walls, which may contain abundant neutrophils but no evidence of intra-alveolar neutrophil infiltrates or protein deposition ( Figure 1E ). Hyaline membranes, when seen, appear as pink deposits on the alveolar walls stained with hematoxylin and eosin ( Figure 1F ). It is important to note that the presence of increased neutrophil numbers in the BAL fluid is unlikely to be associated with obvious intraalveolar neutrophil infiltrates unless the total BAL neutrophil counts are greater than 10 6 , because the BAL procedure collects neutrophils from the entire lung. Also, in certain animals the neutrophils may display light staining; for example, in rabbits neutrophils are slightly eosinophilic and therefore not strictly a ''neutrophil'' in the sense of a ''cell that does not stain'' ( Figure  2C22D ).
The Committee identified the need for a scoring system to quantify the extent of histologic lung injury. Any scoring system must be approached with caution, however, as it may not function similarly across different model systems, the sensitivity is limited, and there may be considerable interobserver variation. It is therefore not surprising that the scoring of injury in the research setting has met with limited success despite a number of equally valid approaches. Furthermore, appropriate scoring of tissue sections requires a considerable amount of time, including the period required to validate the system. The simplest tissue injury scoring system is a binary approach in which sections are categorized as either injured or normal. A number of more complex systems have been used in the literature, each incorporating features of ALI tissue to variable degrees. The use of strict morphometric criteria maximizes the reproducibility of the data, but adherence to strict morphometric standards is difficult to achieve in many laboratories. In this section, we propose a histologic ALI scoring system incorporating criteria that are accessible to both laboratory researchers and pathologists (Table 1) . To mitigate against interobserver variability, we constructed a relatively simple scheme that uses coarse gradations of severity for each separate finding, which differs from previous scoring systems (15, 16) .
Slides for evaluation should be prepared from suitably inflated (15-25 cm H 2 O), formalin-fixed paraffin-embedded tissue that has been stained with hematoxylin and eosin. Due to the patchy nature of ALI, at least 20 random high-power fields (4003 total magnification) should be independently scored in a blinded fashion for each condition. The selection of random fields typically involves successive random displacements (each at least one highpower field in length) from the current position. More rigorous sampling may use a random function to generate (x, y) coordinates on the slide. Sophisticated strategies, such as stratified sampling and Poisson-disk distributions, may allow for more even sampling of the tissue and reject overly close samples. Furthermore, at least 50% of each field should be occupied by lung alveoli; fields that consist predominately of the lumen of large airways or vessels should be rejected. Each of five histological findings is graded using a three-tiered schema summarized in Table 1 and outlined in detail below.
Neutrophils are counted in the alveolar airspaces, alveolar walls, and interstitium. Alveolar wall neutrophils include cells that have entered the interstitium as well as those that are circulating or adhere to the alveolar capillaries. It should be noted that, as mentioned earlier, the neutrophils of some animals differ significantly in morphology from those in humans. For instance, murine models typically show ring-form neutrophils, and rabbit neutrophils appear ''eosinophilic'' on a Wright-Giemsa stain (i.e., they look pink rather than neutral in color). If neutrophils are not visible within the field, a score of zero is recorded for that field. One to five neutrophils give a score of one, and more than five neutrophils give a score of two.
Hyaline membranes, the hallmark of ALI in humans, are not routinely observed in many animal systems, most notably in murine models. The presence of even a single well-formed eosinophilic band of fibrin within the airspace earns a score of one, whereas multiple membranes visible in the field are scored as two. Pink proteinaceous debris filling the airspace is considered in an analogous manner to hyaline membranes.
The evaluation of septal thickening is highly dependent on the uniformity of inflation throughout the lung. If regions are underinflated, either due to errors in technique or variations in airway geometry, septae may appear artifactually thickened. Therefore, only septal thickening that is equal or greater than twice normal is considered in these criteria. Furthermore, septal thickness should not be evaluated in alveolar septa that are directly adjacent to a blood vessel or airway because these are normally thickened by the collagen present in the peribronchovascular bundle.
To generate a lung injury score, the sum of each of the five independent variables shown in Table 1 are weighted according to the relevance ascribed to each feature by the Committee, and then are normalized to the number of fields evaluated. The resulting injury score is a continuous value between zero and one (inclusive).
Measuring Alterations in Permeability
There are several potential approaches for measuring changes in lung vascular and epithelial permeability (17, 23) . In large animals, such as sheep and goats, it is possible to collect lung lymph and measure the concentration of total protein in the lymph and in the plasma. The normal ratio is approximately 0.50 (24) . If the left atrial pressure increases, then the lymph to plasma total protein ratio declines, because more salt and water are being filtered out of the lung capillaries than protein. If an animal is given an injury that increases permeability, such as oleic acid, endotoxin, live bacteria, or acid, then the lymph-toplasma total protein ratio will normally not change. The lung lymph flow will increase, but the maintenance of a normal lymph-to-plasma total protein ratio indicates that the mechanism for the increase in fluid filtration is primarily increased permeability. The one caveat is that an increase in cardiac output with an increase in the surface area of lung perfusion will result in an increase in lung lymph flow with no change in lymph-to-plasma total protein ratio, so this could be misinterpreted as an increased permeability when it is really higher pulmonary blood flow with greater surface area of perfusion.
Another experimental approach that is useful for the isolated perfused lung is to measure the microvascular filtration coefficient, which can be interpreted as reflecting a change in lung vascular permeability. However, it is important to realize that the commonly utilized gravimetric measurement procedure depends on several assumptions such as an isogravimetric state (weight equilibrium) before and after the applied increment in hydrostatic pressure, the absence of alveolar edema and a constant vascular surface area (25) . If these conditions cannot be met, it may be more appropriate to use the phrase ''apparent filtration rate.'' Thus, to calculate a filtration coefficient appropriately, the vascular filling component must be excluded from the analyses, applied pressure increments should be small, alveolar edema should be avoided, and lymph flow should be excluded.
In terms of smaller animal studies (rats, rabbits, and mice), a precise way to quantify an increase in lung vascular and epithelial permeability is to use a protein labeled with a radioactive isotope such as 125 I-albumin or 131 I-albumin, fluorescentlabeled albumin, or a fluorescent-labeled high molecular weight dextran, and then to demonstrate that there is accumulation of this tracer in the extravascular compartments of the lung by either (1) homogenizing the intact lung and subtracting the blood volume or by (2) measuring the accumulation of this labeled protein in the distal airspaces of the lung using bronchoalveolar lavage (BAL). Experimental interventions that reduce permeability should result in a reduced quantity of labeled protein accumulation in the airspaces and/or the extravascular compartments of the lung. It is important to verify that the label has remained bound to the protein or dextran molecule. The possibility of dissociation of the label is particularly important when using albumin bound to radioactive iodine. This can be determined by actively dissociating the isotope from the albumin using 20% trichloroacetic acid and then comparing the total free radioactivity with the radioactivity of the untreated sample (26) . Also, the permeability of the alveolar epithelium can be measured by instilling a labeled protein or dextran into the air spaces and measuring its accumulation in the plasma and its loss from the lung. One emerging problem with albumin-based markers is transport by transcytosis, which may lead to increased tissue albumin in the absence of increased permeability (27) .
A popular method of measuring changes in capillary permeability involves the use of Evans Blue dye, a fluorescent azo dye that was originally described in the 1930s as a tool to determine blood volume using fluorometry (28) . Evans Blue dye was subsequently used to determine changes in capillary permeability in tissues (29) . The method requires the intravenous injection of Evans Blue dye, followed by determination of the fluorescence of formamide-treated lung extracts at excitation 5 620 nm, emission 5 680 nm (30, 31) . The determination of the Evans blue dye concentration (EBD) in a sample should include a correction for contaminating heme pigments using the formula E620(EBD) 5 E620 2 (1.426 3 E740 1 0.030) (30) . Evans blue dye is commonly used because it allows for the determination of permeability changes without the use of radioactive isotopes. This is similar to fluorescently labeled dextrans, although the later have the advantage that multiple sizes of dextran can be selected and the amount of processing required is minimal.
A crude method to determine increased lung water is to calculate wet-to-dry ratios. The wet lung is weighed, and then placed in an oven and weighed daily until its weight stabilizes (dry weight). The wet-to-dry ratio then becomes an estimate of the total water content of the lung. One problem with this method is that with very small lungs, small errors in weight measurement may result in a large variability in the ratios, so particular care should be exercised when measuring the lung weight.
Another approach is to measure the total protein concentration in the BAL, which should reflect the accumulation of extravascular protein primarily from an increase in permeability. In this case, the total quantity of protein is determined by multiplying the concentration of the protein in the BAL fluid by the volume of the lavage. Hydrostatic stress will displace some intravascular protein into the interstitial and alveolar compartments, so if needed, controls can be done with elevated left atrial pressure or hydrostatic stress to show that the quantity of protein under these control hydrostatic conditions is less than under conditions of increased permeability. Furthermore, the BAL total protein concentration can be influenced by the protein derived from inflammatory and lung epithelial cells that are present in the alveolar space, or by changes in the ability of the alveolar epithelium to clear water from the airspaces (28, 29, 31) . For instance, the alveolar protein concentration can increase dramatically in nonperfused lungs (30) . It is possible to test for the presence of a very high molecular weight molecule such as IgM (900kD) as a marker of increased lung permeability. As BAL measurements are notoriously difficult to standardize, we recommend that the recovery of the BAL fluid be reported.
The collection of pulmonary edema fluid from animals can also serve as a useful measurement (32) . If edema fluid is collected in the early phase (first 30 min) after the development of experimental or clinical pulmonary edema, then the concen- Score 5 [(20 3 A) 1 (14 3 B) 1 (7 3 C) 1 (7 3 D) 1 (2 3 E)]/(number of fields 3 100) tration of total protein in the edema fluid can be compared with time-matched plasma samples. If the ratio is greater than 0.65, then it is likely to reflect an increase in permeability. If the edema fluid sample is collected more than 15-30 minutes after the onset of alveolar edema, then reabsorption of alveolar fluid may occur, resulting in concentration of the alveolar protein and providing a misleading result regarding the mechanism of the pulmonary edema. For example, if hydrostatic pressure is raised sufficiently to cause hydrostatic edema with alveolar flooding, then the initial concentration of alveolar protein will be less than 65% of plasma protein. However, if the elevated hydrostatic pressure is returned to normal, then reabsorption of salt in the water will occur rapidly, driven by active ion transport across the lung epithelium and resulting in a elevated concentration of alveolar protein, which, when compared with the concentration of that protein in plasma, will suggest that there is an underlying increase in permeability when in fact this is not the case.
The measurement of extravascular lung water is valuable in studies of mechanisms of increased permeability pulmonary edema. However, it should be recognized that an increase in extravascular lung water alone does not categorize the lung edema as hydrostatic or increased permeability edema. Also, investigators should remember than an increase in lung vascular pressure can markedly increase the extent of pulmonary edema in the face of an increase in lung vascular permeability so that two mechanisms for edema formation may occur at the same time.
Measuring Inflammation
ALI is most frequently accompanied by an inflammatory response within the lungs. Among possible measurements of inflammation, three were identified by the panel as ''very relevant.'' These included total neutrophil counts in the BAL fluid, lung myeloperoxidase (MPO) (a surrogate for neutrophil influx), and measurements of proinflammatory cytokines. Each of these parameters is easily measured in most research laboratories by the following methodologies.
Neutrophils in the BAL fluid. The quantification of neutrophils in BAL fluid reflects migration of neutrophils into the airspaces of the lungs. This measurement is most readily accomplished by performing a differential analysis of cells collected from the BAL. The addition of ethylenediamine tetraacetic acid (EDTA) to the fluid used to perform the BAL (e.g., 0.9% NaCl or PBS) will prevent clumping of the cells and facilitate counting. After collection, the samples should be kept on ice and analyzed as soon as possible to prevent cell death. Animals can be killed at relevant time points (e.g., 1, 3, 5, and 7 d postinsult), the trachea can be cannulated and saline (generally a volume of 1 ml for mice) is instilled into lungs and then recovered. This procedure can be repeated several times. The total cell pellet is then collected by centrifugation and cells are sedimented by centrifugation (cytospun) onto glass slides and stained with Wright-Giemsa or hematoxylin and eosin. Neutrophils are identified using light microscopy by their characteristic nuclei (Figure 3) . A minimum of 300 total cells should be counted to obtain a reliable neutrophil percentage in the BAL. This percentage can be multiplied by the total cell numbers recovered to arrive at an absolute count in the BAL fluid. It is always preferable to report the total number of neutrophils in the BAL fluid, along with, or instead, of the percentages. This is because a decrease in the percentage of BAL neutrophils in response to a given treatment may reflect an increase in the number of macrophages, without any real change in the number of total neutrophils. Alternatively, neutrophils can be readily identified in the BAL fluid by flow cytometry using specific antibodies against Ly6G (33, 34) . Neutrophils, being granular, have a characteristic side versus forward scatter profile, which is evident using this technique.
Myeloperoxidase (MPO) activity. MPO is a glycoprotein expressed in all cells of the myeloid lineage, but found most abundantly in azurophilic granules of neutrophils (35) . MPO is released by activated neutrophils and, as such, measurement of MPO in cell-free BAL fluid serves as a surrogate for the accumulation of activated neutrophils in the airspaces of the lung. Alternatively, measurement of MPO in whole lung homogenates reflects accumulation of neutrophils in the lungs, and as such may be a useful complement to the measurement of neutrophils in the BAL, which reflects migration of neutrophils into the airspaces. MPO can be measured effectively either by commercial ELISA kits according to manufacturer's directions or by a colorimetric assay which correlates with MPO activity as described previously (33, 36, 37) .
When MPO activity is measured in whole lung supernatants, it is important to add a buffer that is designed to preserve the activity of the enzyme (e.g., see Reference [38] ). The determination of MPO activity may be associated with greater variability than the ELISA methods.
Concentrations of proinflammatory mediators. ALI is almost invariably associated with elevations in proinflammatory mediators including tumor necrosis factor (TNF), IL-1, IL-6, macrophage inhibitory factor (MIF), transforming growth factor (TGF), platelet activating factor (PAF) and the leukotriene LTB4 (reviewed in [39] [40] [41] [42] [43] ), although anti-inflammatory cytokines such as IL-10 are usually also elevated (44) . In humans, IL-8 is a prominent neutrophil-recruiting chemokine. The murine orthologs of this molecule are KC (CXCL1) and MIP-2 (CXCL2) (39, 45) . These mediators are readily measured by commercial ELISAs or multiplex assays using either BAL fluid or lung homogenates. Measurement of LTB4 in biological fluids is best accomplished by first extracting the lipids using C18 cartridges from the biological sample, drying them under nitrogen, and then performing the ELISA on the reconstituted Figure 3 . Neutrophils are readily identified by their nuclear morphology. A composite of cells types found in the alveolar space and identified by differential staining with Wright-Geimsa. Neutrophils (black arrowheads) are identified by their segmented nuclear morphology. Alveolar macrophages (white arrowheads) are identified by their large size and high cytoplasm to nuclear ratio. The cytoplasm of alveolar macrophages can also be quite granular. Lymphocytes (yellow arrowheads) are identified by their prominent nuclear staining with little cytoplasm. Magnification 31,000 under oil.
sample (46) . Mediators can also be evaluated using real-time PCR assays to look for mRNA expression, or in the case of LTB4, for the up-regulation of the 5-lipoxygenase (5-LO), 5-LO activating protein, or LTA4 hydrolase enzymes involved in the lipid synthesis.
Particular care should be exercised to prevent degradation of cytokines. This can be accomplished by adding commercially available protease inhibitors to the samples. In addition, some cytokines such as TNF are extremely sensitive to freeze and thaw cycles; accordingly, we recommend storing the samples in individual aliquots and performing measurements after a single thaw. When using bead-based multiplex assays on tissue homogenates, the addition of DNase to the samples will decrease viscosity and prevent clogging of the machine.
Cytokine mRNA expression using quantitative PCR or expression arrays can be used to identify patterns of cytokine gene expression. This is a powerful technique, but requires particular attention to three key issues. The first issue is that RNA is easily degraded, and it is essential to ensure that sample collection strictly adheres to protocols designed for RNA preservation; this is particularly important when the samples are intended to be used for microarray analysis (47, 48) . The second issue is the selection of the reference gene. There are increasing concerns that commonly used reference genes such as GAPDH and actin have variable expression under certain conditions, and while other genes such as HPRT and 18S RNA appear to display more stable expression, there is no consensus as to the preferred gene to use (49-51) Finally, mRNA expression does not necessarily correlate with protein expression, and key findings should be verified by measuring the actual protein.
Additional criteria that were considered somewhat relevant for the measurement of ALI included measurements of procoagulant activity (52), expression of adhesion molecules (53), conversion of the neutrophilic alveolitis to a monocytic alveolitis with time, and elevations in the levels of specific complement factors (54) and matrix metalloproteinases (55).
Physiological Dysfunction
Measurements of gas exchange. The main purpose of the lung is to absorb oxygen and remove carbon dioxide. As such, it is noteworthy that hypoxemia and an increased alveolar-arterial oxygen difference [(Aa)DO2] were listed as the most relevant measures of physiological dysfunction in models of lung injury. Despite this, it is important to point out that hypoxemia is not a direct measure of injury per se, but is often a manifestation of injury. Hypoxemia can occur due to many physiological mechanisms not associated with ALI (see below). Thus, measurement of oxygenation should not be the only variable that is assessed in determining if an animal has lung injury, but measuring oxygenation can be very useful in helping to assess the degree and time course of injury.
Hypoxemia As can easily be deduced by the alveolar air equation, oxygenation also varies with barometric pressure, and respiratory quotient. Taking into account the barometric pressure is important if one is doing experiments at a high altitude or comparing results in laboratories at different altitudes.
Arterial oxygenation can vary substantially with a number of physiological variables, many of which are controlled by the investigator. In animals with ALI, oxygenation may vary with changes in mean airway pressure, which is dependent upon the inspired fraction of oxygen (FI O 2 ), the level of positive endexpiratory pressure (PEEP), tidal volume, and the inspiratory to expiratory ratio. Oxygenation can also vary with changes in the stiffness of the chest wall or in body position (e.g., prone vs. supine). As such, depending on the purpose of the measurement, estimates of oxygenation should be made by keeping as many of these variables as constant as possible.
In animals that are being mechanically ventilated, oxygenation can also depend on lung volume history, (i.e., the size of the breaths preceding the oxygen measurement), especially in models of injury characterized by substantial atelectasis. One approach that is used to mitigate this effect is to provide a relatively uniform volume history by performing a recruitment maneuver immediately before measurement of the oxygenation variable(s).
If there is significant pulmonary shunt, arterial oxygenation can decrease with decreases in cardiac output because of a decrease in mixed venous oxygenation. This is important if one is using arterial oxygenation as a measure of the degree of lung injury, because a decreasing Pa O 2 may not necessarily signify a worsening of lung injury but may signify a worsening in hemodynamics.
The Pa O 2 /FI O 2 ratio (P/F) is used to define (along with other characteristics) human acute respiratory distress syndrome (P/F , 200 mm Hg) and ALI (P/F , 300 mm Hg), based on the American European Consensus Committee. There are no agreed-upon diagnostic criteria of different lung injury entities (ALI vs. ARDS) in animal models of lung injury, and indeed this workshop proposed that the Pa O 2 /FI O 2 ratio should only be considered ''somewhat relevant'' for assessing physiological function in animal models of ALI. This may be because the Committee members felt that it is easier to make measurements under more identical controlled FI O 2 in animal models, in which case the alveolar-arterial oxygen difference would suffice.
Measurement of arterial blood gases are reasonably easy to measure in relatively large animals but may be quite difficult to measure in very small animals (e.g., mice), especially repeatedly during the course of an experiment. As such, the workshop participants felt that minute ventilation and respiratory frequency might be variables that are somewhat relevant in assessing lung injury. These variables diverge substantially among species of different sizes, which may not be an issue in comparisons to studies on the same species. Most importantly, they are affected by a number of factors that may bear no relationship to ALI, including the degree of sedation, pain, body temperature, acid-base balance, and so forth.
Some general considerations. Animal studies are fraught with high variability in the results, and this is true even under strictly controlled conditions and when all the animals are genetically identical. One common source of variability is animal stress, and this is particularly important in mice, which may be affected by even minor changes in light/dark cycles or by minor handling. Care should be taken to ensure that sources of stress, including minor handling, are reduced to a minimum, and that control and experimental animals are all handled in exactly the same way. In addition, the performance of animal studies is almost always associated with a learning curve, and even very experienced technicians will be better at specific techniques toward the end of a study. It is extremely important to avoid working with all the experimental animals first and all the controls at the end of a study; instead, controls and experimental animals should be alternated throughout the study and if at all possible, the investigators should be blinded to the experimental conditions. Study protocols should ensure humane treatment of all animals, including the use of protocolized monitoring to identify evidence of animal discomfort, the use of clear criteria to minimize discomfort by providing sedatives or anesthesia, and the use of prospective criteria to identify animals that should be subject to early euthanasia. All animal studies should only be performed after approval by the investigator's Institutional Animal Care and Use Committee (IACUC) or equivalent regulatory body.
VI. CRITICAL ASSESSMENT OF SELECTED COMMON MODELS OF LUNG INJURY
We evaluated the presence of criteria considered as ''very relevant'' in selected common models of lung injury based on representative studies from the literature. A literature search over the last five years ranked mechanical ventilation with high tidal volumes or high peak inspiratory pressures, pulmonary or systemic administration of endotoxin, and inhalation or instillation of live bacteria as the three most commonly applied models of lung injury in animals. Evidence of the main features of ALI by the defined measurements was analyzed for these three models, as summarized in Table 2 . A more extensive review of animal models of lung injury is beyond the scope of this manuscript, but can be found elsewhere (7).
Ventilator-Induced Lung Injury
Ventilator-induced lung injury (VILI) models typically present characteristic features of tissue injury such as interstitial thickening and alveolar infiltration of neutrophils (56) . Hyaline membranes are seen in larger animals, but are rare in rats or mice unless the tidal volumes are very elevated ( Figure 1F : rat lungs ventilated for 60 minutes with tidal volumes 5 35 cc/kg and PEEP 5 0). Tissue injury is also documented by blinded assessments of histopathological scores based on edema severity, hemorrhage, septal thickening, and interstitial or alveolar infiltration of inflammatory cells in different species ventilated with high tidal volumes of 20-30 ml/kg body weight for several hours (57, 58) . VILI also causes prominent changes in water and protein permeability as evidenced in isolated rat and mouse lungs by increased wet-to-dry weight ratios and microvascular filtration coefficients (59, 60) . In vivo, ventilation with tidal volumes of 20 to 30 ml/kg body weight results in an accumulation of Evans blue-labeled albumin in the lung or the extravasation of intravascular radiolabeled plasma proteins such as albumin or transferrin into the extravascular space (57, 61, 62) . Increased concentrations of albumin and total protein are detectable in the BAL (63, 64) . Recruitment of inflammatory cells as assessed by lung MPO assay or BAL neutrophil counts is generally evident (58, 64) . Increased formation and release of cytokines from overventilated lungs has been reported in mouse and rat studies using isolated lung preparations, but may not be present in all models of VILI (30, 65, 66) . Last, but not least, over-ventilation causes a steady decline in arterial oxygen saturation which typically results in severe hypoxemia within several hours (56, 67) .
Endotoxin-Induced Lung Injury
Endotoxin challenge by inhalation, intratracheal instillation, or intravenous infusion of various lipopolysaccharides typically results in considerable tissue injury, which can be evident within less than 1 hour and is characterized by neutrophil accumulation in the alveolar and interstitial space, alveolar wall thickening, and accumulation of proteinaceous edema and detritus in the alveolar space (34, (68) (69) (70) (71) (72) . Endotoxindependent tissue injury has also been confirmed by semiquantitative histological scores based on signs of inflammation and hemorrhage in the alveolar and interstitial space, edema, atelectasis, hyaline membranes, and cellular necrosis (70, 72, 73) . Increased wet-to-dry weight ratios, Evans blue accumulation in the lung, and increased albumin and total protein concentrations in the BAL fluid after endotoxin challenge demonstrate acute alterations in water and protein permeability (70, (73) (74) (75) (76) (77) . Of note, changes in lung vascular filtration coefficient (Kf) are present in some but not all models of endotoxin-induced lung injury. Increased Kf values were detected after endotoxin challenge in vivo (78) and also after infusion of LPS in buffer-perfused isolated rat and piglet lungs (79, 80) , but other studies found increased Kf only in serumperfused but not in plasma-perfused isolated rat lungs (81), whereas no changes were detected in goat lungs perfused with autologous blood (82) . In blood-perfused rat lungs, endotoxin only increased microvascular permeability in the presence of a nitric oxide synthase inhibitor (83) . Increased neutrophil counts in the BAL, high MPO activity, and lung cytokine levels are hallmarks of the inflammatory response in virtually all models of endotoxin-induced lung injury (72, 73, 76, 77, 79, 84) , whereas hypoxemia is a less consistent finding (69, 70, 84, 85) .
Lung Injury by Live Bacteria
Microbial infection of the lungs by inhalation of aerosolized bacteria or direct intranasal, endotracheal, or endobronchial instillation is used extensively as an experimental model of pneumonia in animals (86) . Tissue injury in this model is striking with accumulation of neutrophils in the alveolar and interstitial space but also includes alveolar wall thickening and hyaline membrane formation (86) (87) (88) (89) (90) (91) (92) (93) (94) ; this can be assessed semi-quantitatively by histological scores. Permeability is commonly increased as demonstrated by elevated wet-to-dry weight ratios, leakage of radioactive protein tracers from the vascular space or accumulation of Evans blue dye, increased protein levels in the BAL, and elevated vascular filtration coefficients (88, 90, 93, (95) (96) (97) (98) (99) (100) ). Yet, in individual cases, for example, in a mouse model of intratracheal challenge with E. coli, changes in the filtration coefficient and lung weight gain have been reported to be minimal over a period of up to 12 hours (92) . Inflammation markers, that is, increased neutrophil counts in the lavage, MPO activity and cytokine levels, as well as systemic hypoxemia, are in general uniformly present in lung injury that is induced by live bacteria (88, 92, 97, (99) (100) (101) .
Taken together, the most frequently applied standard models demonstrate the main features of ALI described in this article. Yet, not all criteria are consistently met by all models. It is therefore important to note that failure to comply with a single criterion does not necessarily compromise the validity of an established model.
VII. LIMITATIONS
This document represents a consensus reached among a diverse group of investigators actively involved in the study of ALI. However, it does not reflect unanimity, and there were clearly areas of diverging opinions indicating the complexities involved in many of these measurements. As such, this document is not meant to be prescriptive or to suggest that there is only one way of assessing ALI, insofar as different model systems and local availability of instrumentation may be the overriding factors that dictate the variables to be measured. As discussed above, it is prudent to measure several independent variables that reflect various aspects of ALI rather than relying on a single measurement. Finally, a number of the recommendations in this report were made despite a paucity of data. As such, we used an iterative process to reach consensus and leave open the possibility that future studies may refute these recommendations.
VIII. SUMMARY AND CONCLUSIONS
In summary, we present an initial attempt at defining lung injury in animals. We have identified four major features of experimental ALI as well as measurements for each of those features. We hope that this work will be of help to investigators and will also become a first step toward a definition of ALI in animals. 
